an abnormally adherent placenta that implants in the uterine wall, usually in scar tissue following previous CS. With increasing severity there is placenta incretainvasion of the myometrium and placenta percreta -in which the placenta invades the extra-uterine pelvic tissues. Uterine rupture during labor is another potential complication and is infrequently associated with previous CS.
Postpartum hemorrhage
Postpartum hemorrhage (PPH) involves blood loss of greater than 500 mL within 24 hours regardless of the mode of birth. However, there is no universally accepted defi nition, and consideration should be given to physiologic response in addition to absolute blood loss. PPH is the most frequent indication for ICU admission. In 60% to 70% of cases, the cause of PPH is failure of uterine contraction following delivery. Th is uterine atony results in continuous bleeding that is often painless. Placental retention is the second most common cause of PPH (20% to 30% of cases). Genital trauma results in approximately 10% of cases of PPH and usually is associated with laceration of the vagina/cervix following instrumental delivery. Coagulation disorders may also result in PPH.
Th ese may be congenital -hemophilia or von Willebrand disease -or acquired: sepsis, amniotic fl uid embolus (AFE) syndrome, acute fatty liver of pregnancy, preeclampsia, or HELLP (hemolysis, elevated liver enzymes, and low platelet count) syndrome.
Management
An aggressive coordinated multidisciplinary approach between obstetricians, midwives, anesthesiologists, the labora tory, and blood bank is required ( Figure 1 ). Initial management depends on the cause of the hemorrhage and whether delivery of the fetus has occurred. Where the hemorrhage occurs postpartum, uterine atony with or without retained products should be suspected. Oxytocin should be administered, the bladder should be emptied, and the uterus massaged. Intravenous access is obtained, blood is sent for crossmatching, and if crossmatched blood is unavailable, O negative blood is obtained. Th e obstetrician should examine the genital tract for evidence of trauma. If bleeding persists, prostaglandin therapy -either intravenous prostaglandin E 2 or 15-methyl prostaglandin F 2α -is administered. Consideration should be given to uterine tamponade, by packing or balloon compression. Continued bleeding should result [4] . It is important that these interventions occur without delay; with each advancing minute, continued blood loss leads to loss of clotting factors, coagulopathy, and the potential for exsanguination. It is imperative that the patient be kept warm and that blood products and fl uids be warmed through a rapid transfusion device. An arterial line should be placed to measure blood pressure and pulse pressure variability and to take blood samples to track hematocrit and acid-base status. Ideally, quali tative tests of clot quality (for example, thrombo elastography) would be combined with coagulation studies to guide blood component resuscitation. In the event of uncontrolled non-surgical bleeding, consideration should be given to the administration of recombinant factor VIIa (90 μg/kg, repeated at 20 minutes if there is no response) [5] [6] [7] .
Pre-eclampsia and eclampsia
Pre-eclampsia toxemia (PET) is a multisystem disease characterized by impaired organ perfusion resulting from vasospasm and activation of the coagulation system. PET is defi ned as hypertension and proteinuria appearing after the 20th week of gestation and resolving within 6 to 12 weeks of delivery. It occurs in 2% to 3% of all pregnancies and is more common in primigravida or the fi rst pregnancy with a particular partner. Other risk factors include a positive family history, pre-existing hyper tension, diabetes mellitus, multiple pregnancy, increasing maternal age, and obesity. Th e pathogenesis of PET appears to result from abnormal placenta formation (termed 'placentation'). Failure of the second phase of trophoblast invasion results in the lack of destruction of the muscularis layer of the spiral arterioles, impairing vasodilation in response to increases in blood fl ow, resulting in placental ischemia. Th e ischemic placenta releases vasoactive substances, leading to systemic endothelial injury and systemic organ dysfunction. As pregnancy progresses, placenta ischemia worsens, and the mother becomes hypovolemic and hypertensive and may develop renal dysfunction. Th ere is disordered prostaglandin metabolism, with an imbalance between vasoconstrictive thromboxane and vasodilatory prostacyclin, resulting in platelet dysfunction, endothelial damage, and further vasoconstriction.
PET is classifi ed as mild, moderate, or severe. Severe pre-eclampsia is defi ned as one of the following: (a) severe hypertension (systolic blood pressure of greater than 160 mm Hg or diastolic blood pressure of greater than 110 mm Hg), (b) proteinuria of greater than 5 g per 24 hours, (c) oliguria of less than 400 mL per 24 hours, (d) cerebral irritability, (e) epigastric or right upper quadrant pain (liver capsule distension), or (f ) pulmonary edema. PET is associated with signifi cant morbidity and mortality, for the mother and fetus. PET usually resolves following delivery of the fetus but may manifest postpartum. A variety of antihypertensive agents, including hydralazine, labetalol, sodium nitroprusside, alpha blockers, calcium channel blockers, and methyl dopa, have been advocated in PET. Hydralazine and labetalol are the most widely used of these in the critical care setting. Hydralazine is administered by slow intravenous injection: fi rst with 5 mg intravenously and repeated at 20-minute intervals (5 to 10 mg depending on the response). Once blood pressure control is achieved, hydrala zine can be repeated as needed (usually about every 3 hours). Labetolol is started at 20 mg intravenously as a bolus, and the dose is doubled every 10 minutes until blood pressure is under control. Th e maximum dose is 220 mg. Magnesium is usually co-administered to provide vaso dila tation and prevent seizures. Care should be taken with fl uid resuscitation because of the risk of pulmonary edema. Eclampsia is an extreme complication of PET and is defi ned by the occurrence of seizures in the absence of other neurologic disorders. Up to 40% of seizures occur following delivery. Convulsions are believed to result from severe intracranial vasospasm, local ischemia, intracranial hypertension, and endothelial dysfunction associated with vasogenic and cytotoxic edema. Seizures tend to be self-limiting, and status epilepticus is unusual. Magnesium sulphate (MgSO 4 ) is superior to phenytoin and benzodiazepines in the prevention of recurrent eclamptic seizures [8] . Magnesium toxicity is rare in the absence of renal failure. Respiratory arrest caused by magnesium toxicity can be reversed with calcium. While traditionally the mortality from eclampsia has been high, death is now uncommon, and much of the mortality is attributable to hepatic complications, including hepatic failure, hemorrhage, or infarction [9] .
HELLP syndrome
HELLP syndrome is a constellation of fi ndings that include hemolysis with a microangiopathic hemolytic anemia (hemolysis), elevated liver function tests, and thrombo cytopenia (low platelets). HELLP syndrome complicates up to 3 per 1,000 pregnancies, may present as a severe manifestation of PET, and occurs in up to 20% of patients. Th e majority of patients are diagnosed before 37 weeks of gestation. Th ere is a clear overlap between PET and HELLP syndrome, and it is unclear whether the latter is a primary or secondary disease process. Th e syndrome is believed to be due to generalized endothelial and microvascular injury from activation of the complement and coagulation cascades, increased vascular tone, and platelet aggregation. Th is results in areas of hemorrhage and necrosis within the liver and may evolve to large hematomas, capsular tears, and intraperitoneal bleeding. Laboratory criteria for this syndrome include microangiopathic hemolysis with schistocytes present on the peripheral blood smear, platelet count of fewer than 50,000/mm 3 , serum total bilirubin of more than 20 μmol/L (1.2 mg/100 mL), serum lactate dehydrogenase of more than 600 U/L, and serum aspartate transaminase of more than 70 U/L.
Th e diff erential diagnosis includes thrombotic thrombo cytopenic purpura and hemolytic uremic syndrome, cold agglutinins, and acute fatty liver of pregnancy. In regard to distinguishing these conditions, it is likely that the patient with HELLP syndrome will have a more severe liver dysfunction, potentially complicated by hepatic infarction or subcapsular hematoma. HELLP syndrome is a medical emergency and the mother's blood pressure and coagulation status must be stabilized rapidly. Corticosteroids should be administered to the mother to advance the lung maturity of the fetus if the gestation age is below 34 weeks. In the majority of cases, liver, renal, and hematopoietic function normalizes after 5 days. In about 30% of cases, HELLP syndrome will develop in the postpartum period. Dexamethasone does not benefi t the mother with HELLP syndrome [10] . Delivery of the fetus can signifi cantly abrogate HELLP syndrome. Th e timing of delivery depends on fetal maturity and the severity of illness of the mother.
Th e major life-threatening complications of HELLP syndrome are hepatic hemorrhage, subcapsular hematoma, liver rupture, and multi-organ failure. Liver hemorrhage is managed conservatively where possible with aggressive blood product resuscitation to reverse the coagulopathy and ensure adequate oxygen-carrying capacity. Th e development of a subcapsular hematoma may lead to hepatic rupture, which is potentially life-threatening for the mother and fetus, and 50% maternal and up to 60% fetal mortality rates have been reported. Manage ment of threatened or actual hepatic rupture involves drainage of the hematoma, packing, oversewing of lacera tions, or partial hepatectomy. Consideration should be given to hepatic arterial embolization, either in the high-risk patient or in the period following operative stabilization.
Acute fatty liver of pregnancy
Acute fatty liver disease of pregnancy (AFLP) occurs in about 1 per 10,000 pregnancies characterized by hepatic microvesicular steatosis and manifests in the third trimester. Without early diagnosis and treatment (fetal delivery), the patient may develop acute liver failure and hepatic encephalopathy. It is more common in primiparas, in twin pregnancies, and in patients who have preeclampsia. AFLP is a mitochondrial disorder [11] related to inherited mutations that cause a defi ciency of the long-chain 3-hydroxyacyl coenzyme A dehydrogenase (LCHAD), a fatty acid beta-oxidation enzyme. When a heterozygous mother has a fetus that is homozygous for these mutations, the fetus is unable to metabolize longchain fatty acids; these acids accumulate in the fetus and spill over into the materna l circulation [12] . Th is mutant gene and defi cient coenzyme product leads to accumulation of long-chain fatty acid metabolites that are hepatotoxic [13] .
Th e patient usually presents with vague symptoms, vomiting, or abdominal pain and may develop preeclampsia. Often there are no specifi c clinical signs, except tenderness in the right upper quadrant. Serum aminotransferase and bilirubin levels are signifi cantly elevated, and in later stages there is a coagulopathy evidenced by low fi brinogen and a prolonged prothrombin time. Compared with HELLP, thrombocytopenia and hypertension are unusual. Urate levels may be extremely high and there may be signifi cant hypoglycemia. Conclusive diagnosis requires liver biopsy, although owing to coagulopathy thi s is rarely possible or practical. Th e diff erential diagnosis includes HELLP syndrome, pre-eclampsia, and acute hepatitis due to alcohol or a virus [14] . Th e treatment of choice is urgent delivery of the fetus. Th is stops the overload of the mother's fatty acid oxidation system from fetal production and leakage into the maternal circulation [13] .
Amniotic fl uid embolus syndrome
AFE syndrome is a devastating complication that usually occurs within 24 hours of delivery. It manifests with acute severe hypoxic respiratory failure, associated with shock, disseminated intravascular coagulopathy (DIC), confusion, and seizures (Table 3 and Figure 2) . Th e incidence of AFE syndrome is unclear, and reports in the literature vary between 1:8,000 and 1:80,000 deliveries [15] . Th e disease is likely under-reported because of the absence of clear diagnostic criteria. Similarly, the mortality rate with AFE syndrome has been reported to be as high as 85%, and the majority of survivors suff er chronic neurologic defi cit [16] .
Th e pathophysiology of AFE syndrome is unclear. Previously, this syndrome was believed to result from embolization of amniotic fl uid into the pulmonary circulation. However, an anaphylactoid or hyper sensitivity reaction to the contents of this fl uid is more likely [17] . Th e presence of amniotic fl uid in the pulmonary circulation is neither sensitive nor specifi c, as this has been identifi ed in mothers who do not develop AFE syndrome. Patients may present with seizure-type activity or acute respiratory distress. Acute lung injury results in profound hypoxemia, intense hypoxic pulmonary vasoconstriction, and acute right heart failure ( Table 4) , result ing in hemodynamic collapse. Bowing of the right ventricle into the left results in acute diastolic and then acute systolic failure of the left ventricle. Th ere is simultaneous DIC that may manifest with bleeding from the placental bed. Nausea, vomiting, headache, confusion, and seizures commonly follow. Death from AFE syndrome results from multi-organ failure, exsanguinations, or cardiac arrest. Neurologic injury is common in survivors.
Th ere is no diagnostic test for AFE syndrome. In a high-risk peripartum patient (Table 4) or one who has recently undergone termination of pregnancy (with hypertonic saline), the combination of coagulopathy, ARDS, and shock should be considered AFE syndrome until otherwise proven. Th e diff erential diagnosis includes sepsis, particularly due to chorioamniitis, thromboembolic pulmonary embolism, and aspiration pneumonitis. Th e fetus should be delivered emergently to avoid fetal demise. CS may be complicated by excess bleeding, requiring ligation of the uterine arteries and perhaps hysterectomy. Th ere is no specifi c treatment, although both aprotinin and activated protein C, compounds that modulate infl ammation and coagulation, may have some utility [18] . Critical care management should be directed at maintaining oxygen delivery and supporting the heart and circulation with inotropes and vasopressors. Early echocardiography is extremely useful to determine the nature of the cardiac injury (right versus left ventricular failure). Right ventricular failure can be worsened by high levels of positive end-expiratory pressure and vaso pressors and can be managed with milrinone, enoxamone, dobutamine, inhaled nitric oxide, and nebulized prostacyclin. Very large quantities of blood products may be required to control the coagulopathy, and this can result in signifi cant fl uid overload. Early consideration should be given to continuous renal replacement therapy. Although extracorporeal membrane oxygenation may appear to be an ideal approach to cardiopulmonary failure, excess bleeding may limit its application [19] .
Exposure of Fetal Tissue to Maternal Circulation

Peripartum cardiomyopathy
Peripart um cardiomyopathy is defi ned as a dilated cardiomyopathy of unknown cause associated with pregnancy. It occurs in the last gestational month or in fi rst 5 months postpartum and is associated with no other cardiac disease [20] . Although this condition is relatively rare, its exact incidence is unclear (the reported incidence varies between 1 in 1,500 and 1 in 15,000 pregnancies), and the condition is more common among Africans and Haitians. It is associated with older maternal age, obesity, multiparity, multiple pregnancies, and pregnancy-induced hypertension. Th e patient typically presents with symptoms of congestive heart failure: dyspnea, orthopnea, shortness of breath on exertion, upper abdominal pain, and so on. Echocardiography demonstrates systolic dysfunction. Proposed pathogenic hypotheses for peripartum cardiomyopathy include viral myocarditis, auto-immunemediated injury, and prolonged tocolysis. Current evidence strongly suggests that the disease is triggered by a by-product of prolactin metabolism, resulting in unbalanced peri-/postpartum oxidative stress [21] . Th e hormone is proteolytically cleaved, and an antiangiogenic, proapoptotic, and proinfl ammatory 16-kDa byproduct appears to attack the myocardium [22] .
Medical therapy is eff ective in the majority of patients; treatment is commenced with a loop diuretic, and if the patient is postpartum, an angiotensin-converting enzyme inhibitor or antiotensin receptor blocker is added. In severe cases, placement of an intra-aortic balloon counter pulsation device or extracorporeal membrane oxygenation [23] may be necessary. Th ere is a very high incidence of thromboembolic disease associated with peripartum cardiomyopathy, and anticoagulation is essential. Early experience with prolactin inhibitors, such as bromocriptine, appears to be positive, and this may become the mainstay of treatment in the future [24] .
Mortality appears to be high; in the US, mortality occurs in 25% to 50% of cases, usually within 3 months of diagnosis [25] . Availability of quality health care for the vulnerable population may be a component of this. Approximately 50% of women recover their ventricular function within 6 months of delivery. In some cases, cardiac trans plantation is necessary. Despite recovery, cardiomyopathy may recur in subsequent pregnancies.
Sepsis
Pregnancy predisposes women to four specifi c infectious complications: pyelonephritis, chorio amnionitis (including septic abortion), endometritis (often following Cesarean delivery), and pneumonia. Pyelonephritis results from colonization of the kidney with Gram-negative bacteria secondary to loss of ureteral sphincter tone associated with progesterone. Pneumonia results, at least in part, from aspiration of gastric contents as a consequence of loss of lower esophageal sphincter tone and diaphragmatic elevation. Patients are also at elevated risk for viral and fungal pneumonia due to pregnancy-induced immunosup pres sion. Chorioamnionitis results from altera tions in the pH and increased glycogen content of the vagina, resulting in loss of the barrier for bacterial entry. It may complicate chorionic villus sampling, amnio centesis, or attempted instrumental (septic) abortion.
Bacteremia in pregnancy is relatively common (reportedly occurring in 8% to 9% of pregnancies), whereas progression to severe sepsis and septic shock is relatively rare [26] [27] [28] [29] ; the rate of sepsis ranges from 1 in 7,654 to 1 in 8,338 deliveries reported [30] . Kankuri and colleagues [31] reported that only 1 of 43,483 mothers developed septic shock during the peripartum period. Despite these low progression rates, the mortality from sepsis in pregnancy remains signifi cant. Infections may be Gramnegative, Gram-positive, or rarely anerobic in etiology. Th e most commonly isolated organisms are Escherichia coli, enterococci, and beta hemolytic streptococci.
Th e majority of infections occur postpartum; 'puerpural sepsis' or 'puerperal fever' is an umbrella term for a variety of infections that occur in the puerperium. Th e leading risk factor for puerpural sepsis is Cesarean delivery. Other signifi cant risk factors include retained products of conception, episiotomy, and prolonged rupture of the amniotic membranes. Infection may involve endometritis, parametritis (spread through the uterine wall), peritonitis, or thrombophlebitis of the pelvic veins. Endometritis is most commonly associated with group A streptococcal (GAS) infection, although Staphylococus, coliform, and anerobes may also be present. Hand washing and disinfectants dramatically decreased the incidence of puerperal fever. Pre-emptive antibiotics are administered if prolonged rupture of the membranes has occurred, to treat amnionitis, or if the woman has a fever and a foul-smelling vaginal discharge.
Th e most recent maternal mortality report from the UK revealed that sepsis was the leading cause of maternal death between 2006 and 2008 [32] . Sepsis resulted in 29 maternal deaths. Fifty percent of deaths occurred following Cesarean delivery, whereas 7 occurred after vaginal delivery. One third of these deaths occurred before 24 weeks of gestation. Th ere was a marked seasonal pattern; most deaths occurred between December and April. Associated factors included minority ethnic origin and the presence of sickle cell disease or trait. Interestingly, obesity was not a risk factor. Infant mortality in aff ected pregnancies was 45%. GAS was the principal pathogen, causing nearly 50% of deaths. All mothers who died from GAS either worked with or had children, and most of the mothers had a direct or family history of sore throat or respiratory infection. In the developing world, the mortality rate from puerperal sepsis remains extremely high (greater than 70%) and tetanus is a common cause of infection.
Th e clinical manifestations of sepsis include the hallmarks of systemic infl ammation that may be followed by coagulopathy, vasoplegia, and evolving multiple organ failure. Th e patient typically has a temperature of 38°C during the period from the end of the fi rst to the end of the 10th day after childbirth or abortion. Purpura fulminans may be associated with GAS infection. Physicians must have a high index of suspicion for sepsis in any peripartum patient who presents with fever and evidence of organ dysfunction: confusion, oliguria, tachycardia, and so on. Treatment includes fl uid resuscitation, empiric antibiotic therapy, and source control. Early aggressive volume resuscitation is essential and is followed with vasopressor therapy if necessary. Th ere is no evidence to suggest that norepinephrine has an adverse eff ect on fetal well-being. Th ere are no data on the use of vasopressin during pregnancy. Considering current data and the specifi c exclusion of pregnant (but not postpartum) patients from the PROWESS (Recombinant Human Activated Protein C Worldwide Evaluation in Severe Sepsis) trial and other trials, we cannot recommend the use of activated protein C during pregnancy. However, this agent may be of value in the postpartum period and clinicians should weigh up its value as a potent anti-infl ammatory/anticoagulant agent versus the risk of bleeding complications.
Goal-directed resuscitation of the pregnant patient is recommended. One must be aware of physiologic changes and adjust the goals of the resuscitation accordingly. Although central venous pressure remains essentially unchanged during pregnancy, venous oxygen saturation (SvO 2 ) progressively decreases in the later stages. Hence, achieving goals of 70% to 75% may not be possible -or necessary -in this setting. Antimicrobials are administered on the basis of the 'best guess' source of infection. In general, tetracycline and quinolone antibiotics should be avoided in early pregnancy. Penicillins, macrolides, and cephalosporins appear relatively safe within normal dosage range.
Cardiac arrest and brain death
When cardiac arrest occurs in late pregnancy, cardiopulmonary resuscitation (CPR) is diffi cult [33] . Th e airway should be secured without delay, and the patient should be positioned to ensure left lateral displacement of the uterus. Unfortunately, this results in less eff ective CPR [33] . Drugs and defi brillation regimens should follow standard Advanced Cardiovascular Life Support guidelines. A decision regarding Cesarean delivery should be made immediately. Current data suggest that this should be performed within 5 minutes, to ensure viability of the mother [34] . Extraction of the fetus results in an increase in maternal blood volume and release of aortocaval compression [35] . Th is should be undertaken from the second trimester onwards. If the decision to perform Cesarean delivery is made, there should be no delay and CPR should be continued throughout surgery.
Maternal brain death, due, for example, to an intracranial bleed, raises diffi cult ethical and legal issues [36, 37] . Depending on the gestational age, it may be possible, if the fetus is near viability, to maintain maternal organ support to allow the fetus to reach viability [38] . Although it may appear expensive to sustain the vegetative state of the brain-dead mother, this cost may be signifi cantly less than the long-term cost of care of a severely premature neonate, which would require neonatal ICU and a variety of health-care interventions.
Conclusions
Critical illness is an uncommon but potentially devastating complication of pregnancy. Th e fi rst priority for the intensivist is to stabilize the mother, with the understanding that what is good for the mother is good for the fetus. Th e intensivist must be aware of the physiologic changes associated with pregnancy and their timing. Critical care interventions are similar to those for the non-pregnant patient; however, adjustment of physiologic targets for metabolic, pulmonary, and hemodynamic control may be necessary. Th e majority of acquired pregnancy-related diseases, such as PET, AFLP, and cardiomyopathy, are abrogated by delivery. However, timing and the state of fetal maturation are crucial to decision making.
